In animal cells, microtubule and actin tracks and their associated motors (dynein, kinesin, and myosin) are thought to regulate long-and short-range transport, respectively [1] [2] [3] [4] [5] [6] [7] [8] . Consistent with this, microtubules extend from the perinuclear centrosome to the plasma membrane and allow bidirectional cargo transport over long distances (>1 mm). In contrast, actin often comprises a complex network of short randomly oriented filaments, suggesting that myosin motors move cargo short distances. These observations underpin the ''highways and local roads'' model for transport along microtubule and actin tracks [2] . The ''cooperative capture'' model exemplifies this view and suggests that melanosome distribution in melanocyte dendrites is maintained by long-range transport on microtubules followed by actin/myosin-Va-dependent tethering [5, 9] . In this study, we used cell normalization technology to quantitatively examine the contribution of microtubules and actin/ myosin-Va to organelle distribution in melanocytes. Surprisingly, our results indicate that microtubules are essential for centripetal, but not centrifugal, transport. Instead, we find that microtubules retard a centrifugal transport process that is dependent on myosin-Va and a population of dynamic F-actin. Functional analysis of mutant proteins indicates that myosin-Va works as a transporter dispersing melanosomes along actin tracks whose +/barbed ends are oriented toward the plasma membrane. Overall, our data highlight the role of myosin-Va and actin in transport, and not tethering, and suggest a new model in which organelle distribution is determined by the balance between microtubule-dependent centripetal and myosin-Va/actin-dependent centrifugal transport. These observations appear to be consistent with evidence coming from other systems showing that actin/ myosin networks can drive long-distance organelle transport and positioning [10, 11] .
Summary
In animal cells, microtubule and actin tracks and their associated motors (dynein, kinesin, and myosin) are thought to regulate long-and short-range transport, respectively [1] [2] [3] [4] [5] [6] [7] [8] . Consistent with this, microtubules extend from the perinuclear centrosome to the plasma membrane and allow bidirectional cargo transport over long distances (>1 mm). In contrast, actin often comprises a complex network of short randomly oriented filaments, suggesting that myosin motors move cargo short distances. These observations underpin the ''highways and local roads'' model for transport along microtubule and actin tracks [2] . The ''cooperative capture'' model exemplifies this view and suggests that melanosome distribution in melanocyte dendrites is maintained by long-range transport on microtubules followed by actin/myosin-Va-dependent tethering [5, 9] . In this study, we used cell normalization technology to quantitatively examine the contribution of microtubules and actin/ myosin-Va to organelle distribution in melanocytes. Surprisingly, our results indicate that microtubules are essential for centripetal, but not centrifugal, transport. Instead, we find that microtubules retard a centrifugal transport process that is dependent on myosin-Va and a population of dynamic F-actin. Functional analysis of mutant proteins indicates that myosin-Va works as a transporter dispersing melanosomes along actin tracks whose +/barbed ends are oriented toward the plasma membrane. Overall, our data highlight the role of myosin-Va and actin in transport, and not tethering, and suggest a new model in which organelle distribution is determined by the balance between microtubule-dependent centripetal and myosin-Va/actin-dependent centrifugal transport. These observations appear to be consistent with evidence coming from other systems showing that actin/ myosin networks can drive long-distance organelle transport and positioning [10, 11] .
Results and Discussion
To understand how the microtubule and actin transport systems cooperate to regulate organelle transport, we tested the effect of their depletion on melanosome distribution in wild-type melan-a cells. For this, we incubated cells with either nocodazole or latrunculin A to specifically deplete microtubules or F-actin, respectively. We then used light microscopy to examine the effects of these treatments upon intracellular melanosome distribution. To facilitate the quantitative analysis of melanosome distribution, in these and subsequent experiments, we standardized melanocyte shape in the x and y planes by growing cells on coverslips containing fibronectin micropatterns (see Experimental Procedures). In this condition, melanocytes adopted a uniform circular shape determined by the micropattern, with the nucleus positioned near the center and the melanosomes distributed throughout the surrounding cytoplasm. This circumvented the need for manual measurements (described previously) [12] and allowed for the semiautomated measurement of melanosome distribution in large populations of cells (see Experimental Procedures). We report melanosome distribution in standardized cells in two ways that convey complementary information about the results of our experiments: (1) the average pigment distribution map and radial pigment profile for each population of cells (e.g., Figures 1A and 1B) and (2) pigment dispersion distance (PDD) for each cell within a population (e.g., Figure 1C ). Pigment maps and radial profiles provide detailed information on the relative distribution of pigment throughout the cytoplasm whereas PDD reports melanosome distribution numerically allowing straightforward statistical comparison of different experimental treatments. Importantly, all experiments (described below) gave similar results when performed using unconstrained melanocytes, indicating that micropatterning does not strongly affect the organization and function of the cytoskeleton. Comparison of nocodazole versus solvent-treated melan-a cells indicated that microtubule depletion had little effect on pigment distribution (mean PDD; DMSO = 19.94 6 0.6940 mm versus nocodazole = 19.18 6 0.8312 mm; Figures 1A-1C) . Confocal immunofluorescence microscopy (CIFM) analysis using alpha-tubulin-specific antibodies confirmed the efficacy of our nocodazole treatment in depleting microtubules in melanocytes (Figure S1C available online). In contrast, disruption of the actin cytoskeleton using latrunculin A resulted in significant perinuclear clustering of melanosomes, which resembled that seen in immortal myosin-Va-deficient (melan-d1) melanocytes (mean PDD; latrunculin A [25 nM] = 15.80 6 1.562 mm and melan-d1 11.27 6 1.682 mm; Figures 1, S1C , and S1D). Interestingly, whereas melanosome clustering was seen over a range of latrunculin A concentrations (5 mM-10 nM), only exposure to low concentrations (<100 nM) that partially depleted F-actin resulted specifically in melanosome clustering without strongly altering cell morphology and attachment (Figures 1, S1C , and S1E).
These observations suggest that a subpopulation of F-actin that is acutely sensitive to latrunculin A is essential for maintaining melanosomes in the peripheral cytoplasm. Given that latrunculin A promotes F-actin depolymerization by forming a 1:1 complex with globular (G-)actin, our observations suggested that this population is highly dynamic compared with F-actin involved in maintaining cell morphology and attachment to substrate, which appear to only be affected by higher latrunculin A concentrations (>100 nM) [13] . To further investigate this possibility, we tested the effect of jasplakinolide (8 nM)-induced F-actin stabilization on melanosome distribution [14] . This revealed that, like latrunculin A, jasplakinolide treatment triggered significant melanosome clustering in melan-a cells (mean PDD = 14.51 6 2.17 mm; Figures 1A-1C) . Altogether, these observations suggest an important role for dynamic actin, but not microtubules, in maintaining the dispersed distribution of melanosomes in melanocytes. Mechanistically, this indicates that maintenance of dispersed melanosome distribution requires continuous remodeling of the actin cytoskeleton rather than tethering of organelles to a stable actin cytoskeleton, as envisaged by the cooperative capture model [9] .
To investigate the involvement of microtubules in transport, rather than maintenance of dispersion, we tested their role in melanosome redistribution: (1) from dispersed to clustered (centripetal transport) and (2) vice versa (centrifugal transport). For (1), we incubated melan-a cells for 1 hr with nocodazole to deplete microtubules and then for 16 hr with jasplakinolide and nocodazole (JK/Noc) (Figure 2Aii ). We then measured the ability of jasplakinolide to cluster melanosomes in these cells and controls in which nocodazole was replaced by solvent (DMSO/ JK; Figure 2Ai ). This revealed that microtubule depletion significantly reduced jasplakinolide-triggered clustering compared with control cells (mean PDD; Noc/JK = 17.86 6 1.908 mm versus DMSO/JK = 14.16 6 2.034 mm; Figures 2Ai and 2Aii ). For (2), we preincubated melan-a cells with jasplakinolide for 16 hr to cluster melanosomes and then examined the ability of melanosomes to redisperse after jasplakinolide washout 2Aiii-2Aiv). These results suggest that microtubules are essential for centripetal, but not centrifugal, melanosome transport.
The finding that dispersion is enhanced in the absence of microtubules (Figures 2Aiii-2Aiv ) raises the interesting possibility that the microtubule and actin systems play primarily opposing, rather than cooperative, roles in melanosomes transport. To investigate this using a different and more-targeted approach, we examined the effect of microtubule depletion on the ability of GFP-myosin-Va to complement melanosome clustering in myosin-Va-deficient melan-d1 cells, i.e., drive centrifugal melanosome transport. To do this, we incubated micropattern-grown melan-d1 cells with nocodazole and then Figures 2D-2F ). In contrast, disruption of F-actin dynamics using jasplakinolide significantly reduced the ability of GFP-myosin-Va to disperse clustered melanosomes in melan-d1 cells (Figures 2D-2F ; mean PDD = 12.80 6 2.409 mm). Similar results were observed on reexpression of GFP-Mlph in Mlph-deficient melan-ln cells. These results further support the idea that myosin-Va and dynamic F-actin drive centrifugal melanosome transport whereas microtubules drive centripetal transport.
The data presented above raised the interesting possibility that myosin-Va functions as an organelle transporter in melanocytes and not a tether as previously suggested [9] . To differentiate between these possibilities, we introduced mutations into GFP-myosin-Va that selectively disrupt isoform-specific adaptations that allow it to move processively toward the +/barbed ends of F-actin in vitro. We then used the melan-d1 complementation assay to test the functionality of these mutants. The transporter model predicts that characteristics allowing myosin-Va to walk along actin filaments in vitro should be essential for intracellular transport, i.e., ATPase activity, high duty ratio (fraction of the ATPase cycle that myosinVa remains attached to the actin track), long (36 nm) step size, and +/barbed end directionality, whereas the tether model predicts that myosin-Va should function if it remains competent for actin and cargo binding. Thus, we generated myosinVa mutants that alter the interaction of myosin-Va with F-actin tracks; the switch II mutant G440A, which increases the affinity and stability of myosin-Va interaction with F-actin by two orders of magnitude [15] ; and the switch I mutant S217A, which reduces the duty ratio of myosin-Va from 0.85 to 0.25 [16] . CIFM analysis revealed that the S217A mutant codistributed with melanosomes; however, this was less obvious for the G440A mutant, which appeared more uniformly distributed throughout the cytoplasm, possibly due to its increased affinity for actin ( Figures 3B, S3Ai , and S3Aiii). Analysis of melanosome distribution in cells expressing myosin-Va G440A revealed that, rather than restoring dispersion, this mutant caused increased clustering compared with GFP alone in melan-d1 cells (mean PDD; G440A = 10.63 6 2.193 mm versus GFP = 13.17 6 1.182 mm; Figure 3 ). This is likely to be dependent upon attachment to melanosomes and not remodeling of actin as G440A expression did not affect melanosome distribution in melanocytes lacking the melanosomal myosin-Va ''receptor'' protein Mlph (melan-ln) ( Figure S3Bi ) [17] [18] [19] [20] . In contrast, expression of myosin-Va S217A resulted in melanosome dispersion, albeit to a lesser extent than wild-type, indicating that this mutant retains partial function (mean PDD; S217A = 16.93 6 2.375 mm versus wild-type [WT] = 18.96 6 1.354 mm). These data suggest that dynamic interaction with actin is important for myosin-Va function in melanocytes and thus appear consistent with a transporter, and not a tether, mechanism. The surprisingly robust function of the S217A mutant may indicate that multiple myosin-Va molecules cooperate to ensure that melanosomes remain attached to actin tracks during transport.
To further test the transporter role for myosin-Va, we investigated the activity of lever-arm truncation mutants that have reduced step size and velocity in the melan-d1 complementation assay [21, 22] . CIFM analysis revealed that, whereas all proteins codistributed with melanosomes, the 4IQ mutant was also enriched in filopodia-like processes at the cell surface ( Figures 3B and S4A ). Similar observations of the localization of constitutively active myosin-V were recently reported, suggesting that regulation of this mutant may be compromised [23] . More significantly, analysis of melanosome distribution revealed that the extent of function of the mutants correlated positively with the reduction in lever arm length and expected step size (mean PDD; 4IQ = 15.78 6 2.694 mm, 2IQ = 14.30 6 2.057 mm; 0IQ = 12.56 6 1.830 mm). This pattern of results further supports a transporter function for myosin-Va in melanocytes.
Taking this together with the fact that, in many cell types, the +/barbed ends of actin filaments are oriented toward the plasma membrane, we hypothesized a model in which myosin-Va disperses melanosomes by moving them toward the peripherally located +/barbed ends of actin filaments. To test this directly, we generated chimeric myosin-Va molecules in which the motor domain was replaced with that of the 2/pointed-end direct motor myosin-VI (MVI+I/MVa) and then tested their function using the melan-d1 complementation assay [24, 25] . As a control for directionality, we also generated a myosin-VI/Va chimera (MVI2I/MVa) lacking the unique insert (I) that allows movement toward the 2/pointed end of actin filaments [26] . After several attempts, we were unable to generate adenoviruses expressing full-length MVI+I/ MVa fusions. Therefore, we generated adenoviruses that express ''minimyosin'' proteins, which comprise the S1 fragment of myosin-Va (i.e., motor and lever arm; see Figure 3A ) fused to the Rab27-binding domain (RBD) of synaptotagminlike protein 2-a (Sytl2a) to allow association with melanosomes (see Supplemental Experimental Procedures) [27] . These were: mini-Va (GFP fused to myosin-Va S1 fused to Sytl2a), mini-VI+I (GFP fused to myosin-VI motor and reverse gear insert fused to myosin-Va lever arm fused to Sytl2-a RBD), and mini-VI2I (as mini-VI+I but lacking I; Figure 4A ). Using CIFM, we found that these minimyosin motors all localized efficiently to melanosomes in melan-d1 melanocytes (Figures 4B and S3Aii). Expression of mini-VI+I resulted in increased melanosome clustering in melan-d1 cells compared with GFP alone (mean PDD; mini-VI+I = 10.69 6 1.54 mm versus GFP = 11.77 6 1.054 mm; Figures 4B-4D ). This ''hyperclustering'' or ''clumping'' of pigment was more pronounced than that seen in G440A-expressing cells (Figure 3) , was particularly apparent in phase contrast images, and was reflected by comparison of the pigment profile plots (Figures 3, 4B , and 4C; Spearman correlation coefficient; mini-VI+I versus GFP = 0.876, G440A versus GFP = 0.992). Conversely, expression of mini-VI2I protein resulted in increased melanosome dispersion compared with GFP alone (mean PDD = 13.77 6 2.001 mm; Figures 4B-4D ). Nevertheless, this dispersion was less than that resulting from expression of positive control protein mini-Va (mean PDD = 15.35 6 2.254 mm; Figures 4B-4D ), indicating that myosin-VI functions less efficiently than myosin-Va in melanosome transport. Expression of the minimyosins in melanocytes lacking Rab27a (melan-ash), i.e., where they may not attach to melanosomes, resulted in no significant changes in melanosome distribution compared with GFP alone (Figure S3Bii) [27] [28] [29] [30] . This indicates that redistribution of melanosomes in melan-d1 results from movement of melanosomes rather than remodeling of the actin cytoskeleton or changes in cell shape. Meanwhile, expression in melan-a cells revealed that all proteins induced significant perinuclear melanosome clustering compared with GFP alone, indicating that they compete for function with endogenous myosin-Va and Mlph ( Figure S3Biii) . Comparison of the extent of clustering with the RBD alone confirms the activity of the minimyosins in the directional movement of melanosomes. These results support the function of myosin-Va as a transporter dispersing melanosomes by moving them toward the peripherally oriented +/barbed ends of actin filaments. Moreover, as these minimyosins lack the dimerization domain, this further supports the idea that myosin-Va molecules team up to move melanosomes.
Finally, to more directly investigate the role of myosinVa in melanosome movement, we exploited the rapamycininduced protein heterodimerization system [31, 32] to generate an acutely activatable myosin-Va. A similar approach was recently used to investigate the role of myosin-V in peroxisome movement [23, 33] . To do this, we divided myosin-Va into two precursors: (1) the S1 (motor/ lever arm) fragment fused to human FK506-binding protein 1A (FKBP) and (2) the melanosome-binding tail fused to FKBP-rapamycin-binding domain (hereafter S1 and tail; see Figure S4a and Supplemental Experimental Procedures). In live cells, these interact exclusively upon addition of A/C heterodimerizer to reconstitute active myosin-Va. Confocal microscopy confirmed that the tail localized to clustered melanosomes and the S1 was distributed throughout the cytoplasm in melan-d1 before addition of A/C heterodimerizer. On addition of A/C heterodimerizer, melanosomes moved centrifugally en masse into the peripheral cytoplasm within 60 min and without obvious changes in cells' shapes (Figures S4B and S4C ; Movie S1). Microtubule depletion did not perturb this redistribution, confirming that myosin-Va can drive long-distance centrifugal melanosome transport in melanocytes without assistance from microtubule motors (Figures S4B and  S4C) .
In this study, we investigated how the actin and microtubule networks regulate organelle transport using the melanosomes of melanocytes as a model. Consistent with the previous study of the role of the cytoskeleton in transport in melanocytes, we found that microtubules were essential for melanosome clustering/centripetal transport [9] . In contrast to the prediction of the cooperative capture model, however, we found that microtubules were nonessential for centrifugal transport or maintenance of dispersed melanosomes [9] . Instead, we found that these processes were dependent upon myosin-Va and a subpopulation of dynamic actin. This indicates that myosin-Va and dynamic actin comprise a transport system and not a tether as suggested previously [9] . In accord with this, we showed that the ability of myosin-Va to function in melanosome transport correlated with its ability to act as a motor moving toward the +/barbed ends of actin filaments. Overall, our data provide further support for the emerging view that actin-myosin networks represent a conserved mechanism mediating long-distance organelle transport [11] . Our results are consistent with those of earlier studies of melanosome transport in amphibian melanophores [34, 35] . Based on our results, we propose a new model for transport in which melanosome distribution is determined by the balance of two forces: microtubuledependent centripetal and myosin-Va/dynamic-actin-dependent centrifugal transport. More specifically, we suggest that myosin-Va works in opposition to microtubule-dependent centripetal transport as a processive motor transporting melanosomes toward the cell periphery along a network of dynamic actin tracks whose +/barbed ends are overall oriented toward the plasma membrane. Consistent with this, disruption of myosin-Va/dynamic actin results in microtubule-dependent clustering whereas depletion of microtubules allows myosinVa/dynamic actin to hyperdisperse melanosomes. However, at this stage, precisely how this process of myosin-Va/actindependent transport process occurs is unclear and we cannot exclude the possibility that a more-complex process might drive centrifugal melanosome transport. Along these lines, one possibility is that the rigidity of the melanin core necessitates that melanosome transport is coupled to a certain level of remodelling of the thin peripheral cytoplasm. This might be more efficiently achieved by an actin-dependent mechanism, given the relatively isotropic distribution of actin filaments compared with microtubules. Nevertheless, video microscopy shows that some melanosomes move bidirectionally on microtubules, i.e., microtubule-based centrifugal transport can occur [9, 36] . This may be important for the maturation of melanosomes rather than the transport of mature melanosomes that predominate in melan-a cells.
Finally, how does our model fit with the physiological role of the melanocyte in transfer of pigment to keratinocytes? Although the mechanism in situ remains poorly characterized, recent live-cell studies of cocultures indicate that melanocytes deliver pigment to keratinocytes via a process involving dendrite extension, adhesion, thinning, and breakage, followed by phagocytosis of the severed dendrite tip by keratinocytes [37] . Strikingly, time-lapse image sequences from this study appear to show that wild-type melanocytes dynamically extend pigment-filled dendrites (on a minutes to hours timescale) rather than pigment-free dendrites that are then filled with pigment via long-range transport from the cell body. Given the relatively slow rate of actin-myosin-Va-dependent transport in mammalian cells (similar to dendrite extension), these observations appear consistent with our model for myosin-actin as the main mechanism driving centrifugal transport. In this context, we suggest that actin-myosin-Va-dependent transport could ensure dendrite extension, likely driven by actin polymerization in response to keratinocyte-derived paracrine signals, and melanosome accumulation is coordinated, leading to the formation of pigment-filled dendrites and efficient transfer to keratinocytes.
Experimental Procedures

Micropattern Cells
For experiments using cytoskeleton inhibitor treatments with or without adenovirus (Figures 1 and 2 ), cells (2 3 10 4 ) were seeded into wells of 24-well cluster plates containing CYTOOchips Mini DC-L-FN650 (Cytoo 11-003-13-12). After cells had achieved full spreading (4 hr), they were treated with inhibitors (and adenovirus) and then fixed and immunostained as described above. For melan-d1 complementation assays measuring the function of myosin mutants (Figures 3 and 4) , cells were seeded in a 24-well plate and allowed to reattach prior to infection with adenovirus. After 96 hr, cells were trypsinized and (2 3 10 4 ) transferred onto a Cytoo minichip. After cells had achieved full spreading (4 hr), they were fixed and immunostained as described above. Cells were imaged on a Zeiss LSM 710 confocal microscope as above. Typically, between 25 and 50 cells per experiment were manually located and then automatically acquired with autofocus on the micropatterns (excitation 633 nm; emission 650 nm). All image processing and analysis was performed using NIH Image J. Images were aligned in reference to the micropattern using a modified macro available from Cytoo (CellRefDemo). Pigment distribution was measured by applying a threshold to the phase-contrast images for low pixel intensity so as to only include dark-pigmented melanosomes; other high refractive index organelles such as autophagosomes, lysosomes, and lipid droplets were excluded by this threshold ( Figure S1A ). The pigment image was then converted to binary and inverted. Averaging the binary images of individual cells in a stack was used to make average pigment probability maps. Melanosome distribution was calculated by determining the radial profile of the binary images (Radial Profile Extended; http://rsbweb.nih.gov/ij/plugins/ radial-profile-ext.html). The PDD was defined as the distance from the center of the micropattern at which 95% of the area under the curve was accounted for. Statistical analysis of data was carried out with GraphPad Prism 6 software using the one-way ANOVA test and Bonferroni's multiple comparisons posttest facility within the software and assuming nonparametric distribution of data. 
